Abstract. In the past few years, the parapenaeus longirostris population stock has seen a sharp reduction. In this work, we propose a bioeconomic model that represents the biomass evolution of this marine population in two moroccan maritime patches: protected area and unprotected area. In the model construction, we take in consideration the predation interaction between the parapenaeus longirostris population and the small pelagic species of moroccan coastal zones. We suppose the existence of coastal trawlers that exploit both the predator and prey populations. Our objective is to study the influence of the predator mortality rate variation on the evolution of prey biomass and the profit of coastal trawlers. It should be underlined that, coastal trawlers are constrained by the conservation of marine biodiversity. One of the key consequences of this is that the increase in the mortality rate of small pelagics leads to an evolution in the parapenaeus longirostris stock, and consequently to an increase in the profit of coastal trawlers after exploitation of this species. On the other hand, the level of fishing effort and catches of small pelagics is decreasing, which leads to a reduction in the profit of coastal trawlers after exploiting small pelagics.
INTRODUCTION
The Moroccan coastline stretches for about 3,500 kilometers. Its waters are among the world's richest sources of fish. The FAO considers Morocco's production potential at nearly 1.5 million tonnes per year. Morocco is the Africa's largest producer of fish (FAO, 2001 ). It represents 1.2% of world production and ranks 18th in the world.
There are four fishing zones in Morocco whose relative importance in terms of activity has undergone a great change over time and the pace of exploitation (Figure 1 Overexploitation, especially of growth (of juveniles) remains one of the main causes causing the state of more or less advanced degradation of certain resources. Excessive fishing pressure on juveniles (especially for parapenaeus longirostris) is leading to a significant shortfall for the fishery as a whole in terms of production per recruit and hence exploitable biomass. To this end, it is recommended to continue the effort already put in place for the management of parapenaeus longirostris stocks and to reinforce the current management measures, in particular those relating to the reduction and control of fishing mortality.
Thus, adequate scientific monitoring and appropriate adaptive management alone guarantee the sustainability of these short-lived resources. Let us add that understanding the biological mechanisms of parapenaeus longirostris modulating key environmental and ecosystem indicators of stock health, such as water temperature and predator abundance: small pelagics such as sardine, horse mackerel, anchovy, sardinella, etc., is an integral part of the preparation and enhancement of stock ecosystem assessments [1, 2, 3, 4 ]. This will make it possible to decide on the state of the resource and recommend recommendations for better management of these fisheries.
In this context, many mathematical models have been developed to describe the dynamics of fisheries, we can see for example [5, 6, 7, 8, 9, 10, 11, 12, 13] . Also, we can refer to Y. El foutayeni et al. [14] in their work, the autors have defined a bioeconomic equilibrium model for several coastal trawlers who catch two fish species. The authors have studied the existence of the steady states and its stability using eigenvalue analysis; they have solved two mathematical problems to determine the equilibrium point that maximizes the profit of each coastal trawler.
Finally the authors have given some numerical simulations to illustrate the results.
An other important example in this context is also that Y. El foutayeni et al. [15] , in this work the authors have defined a bioeconomic equilibrium model for several coastal trawlers exploiting three species, these species compete with each other for space or food; the natural growth of each species is modeled using a logistic law; the objective of their work is to calculate the fishing effort that maximizes the profit of each coastal trawler at biological equilibrium by using the generalized Nash equilibrium problem.
In the work of I. Agmour et all. [16] , the authors have sought to highlight that the increase of the carrying capacity of marine species does not always lead to an increase on the catch levels and on the incomes. To effectively support the theoretical outcomes, we have considered a bioeconomic model of several seiners exploiting Sardina pilchardus, Engraulis encrasicolus and Xiphias gladius marine species in the Atlantic coast of Morocco based on the parameters given by 'Institut National de Recherche Halieutique'.
Recently, the parapenaeus longirostris resource stock was marked by a fall yields of the different fleets operating moroccan maritime zones, as well as a decrease in catches in this species. In addition, abundance indices decreased. The drop in parapenaeus longirostris stocks could be caused by over-fishing and the predation between this population and small pelagics. In this work, we consider the biomass evolution model of the parapenaeus longirostris population in the presence of predators (the five small pelagics) in two areas: protected area and unprotected area. In one side, the model introduces the small pelagic fish populations and parapenaeus longirostris fishery into free access fishing zone. The different parameters and variables used in the biological model are cited in tables 1 and 2. On the other hand, we search to study the impact of the variation of the predator mortality rate on the stock evolution of the prey population. It also seeks to interpret the best fishing situations, which allow seiners to have the maximum income by preserving stocks of small pelagic and parapenaeus longirostris populations.
Variables Description
The stock of parapenaeus longirostris juveniles into patch A P A (t) The stock of parapenaeus longirostris adults into patch B
S(t)
The density of sardine
The density of anchovy
The density of mackerel
The density of horse mackerel
The density of sardinella Table. 1. The description of variables.
Parameters Description κK
The carrying capacity in the reserved area Table. 2. The description of parameters The paper is organized as follows. In the next section, we present the biological model of the juveniles and adults of the parapenaeus longirostris evolutions with the presence of the predators; in other word, the five small pelagic species: Sardines, Anchovy, Mackerel, The horse mackerel, Sardinella; which consist in a system of seven ordinary differential equations, the first equation describes the natural growth of the juveniles of Parapenaeus longirostris fish population a prey of the small pelagic fish population, the second equation describes the natural growth of Parapenaeus longirostris fish population a prey of the small pelagic fish population, the third to seven equations describe the natural growth of the small pelagic fish population as a predators of the juveniles and adults of the parapenaeus longirostris. The existence of the steady states of this system and its stability are studied using eigenvalue analysis and we define a bioeconomic equilibrium model for all of this fish populations exploited by a fishing fleet. In section 3, We compute some numerical simulations to determine the optimal conditions under which the biological steady state can be attained and to draw some important conclusions regarding reserve designs. In section 4 we give a numerical simulation of the mathematical model and discussion of the results. Finally we give a conclusion and some potential perspectives in section 5.
BIOLOGICAL MODEL
Our study is based on a prey-predator system, the parapenaeus longirostris and the small pelagic fish (Sardine, Anchovy, Mackerel, The horse mackerel, Sardinella) in two patches (as shown in figure 1 ): a fishing protected area and free access fishing zone. Let us assume that P J (t) is the stock of parapenaeus longirostris juveniles into patch A, the reserve area, and P A (t)
is the stock of parapenaeus longirostris adults into patch B, unreserved area, at time t. Assuming total region under consideration is unit and 0 < κ < 1 is the reserved area, consequently (1 − κ)
is the unreserved area.
It is assumed that the juveniles of parapenaeus longirostris fish population grows according to a logistic equation with growth rate r and and its carrying capacity is κK. The functions
the function responses, where µ s , µ a , µ m , µ h , µ l are respectively the maximum per capita consumption rates of sardine, anchovy, mackerel, horse mackerel and sardinella, i.e. the maximum rate at which the juvenile and adults of the parapenaeus longirostris population can be eaten by a sardine, anchovy, mackerel, the horse mackerel, sardinella per unit time. And η is the maximal carrying of the juvenile and adults of the parapenaeus longirostris. β P J (t) P A (t) κ(1 − κ)K 2 represent the net transfer rate or migration, where β is a mobility coefficient. The net transfer from the protected area to the unprotected area is assumed to be the positive direction for migration.
The population of parapenaeus longirostris adults grows according to a logistic equation with growth rate r, its carrying capacity is equal to (1 − κ)K. We note that it is a prey of the small pelagic species.
Let S(t), A(t), M(t), H(t) and L(t) be the densities of sardine, anchovy, mackerel, horse mackerel and sardinella, respectively. These populations are predators of parapenaeus lon- Following the previous assumptions, the biological model is represented as follow
with positive initial conditions.
BIOLOGICAL MODEL ANALYSIS
Let X(t) = (P J (t) , P A (t) , S(t), A(t), M(t), H(t), L(t)) be the solution of the system (1) at the biological equilibrium. Then all the solutions of the system (1) are nonnegative. To demonstrate that we must recall that by [17] , the system of equation (1) is a positive system. Theorem 1. All the solutions of system (1) which start in R 7 + are uniformly bounded.
Proof. We define the function
Therefore, the time derivative along a solution of (1) is
For each ϑ > 0, we have
So, the right-hand side is positive and it is bounded for all (P J , P A , S, A, M, H, l) ∈ R 7
+ . Therefore, we find a θ > 0 with d f dt + ϑ f < θ . Using the theory of differential inequality [18] , we obtain
where B is the region in which all the solutions of system of equation (1) that start in R 7 + are confined.
For system (1), we can see that the equilibrium points of system (1) satisfies the following equations (2)
After calculation, it is obvious that system.(2) has a 128 equilibrium points (Annexe 1), but it has real positive solution is
It must be noted that we only concentrate on the interior equilibrium point of the system (1), since the biological meaning of the interior equilibrium indicates that the parapenaeus longirostris and the small pelagic fish populations all exist. So in this paper, we assume that Krκ −
To evaluate the variational matrix at this point and analyze its local stability we use the Routh Hurwitz criterion, as is shown in annexe 2.
The characteristic polynomial associated to the variational matrix J (X * ) is written as
Note that the coefficients ρ k are written according to all the parameters mentioned in the biological model (1) (Annexe 2). It is obvious to show that the ρ k are positive for all k = {1, ..., 6}, and likewise for ρ i j with i = {1, 2, 3} and j = {1, ..., 6}. So, according to the Routh Hurwitz stability criterion, we can conclude that the equilibrium point X * is stable.
BIOECONOMIC MODEL
The exploitation scheme of the shrimp includes directed fishing on these species by the freezing, offshore and coastal fishing segments, and multi-species by the fleet of fresh coastal trawlers targeting shrimp and other groups of fish such as small pelagics.
At the Moroccan fishing zones level, catches of fresh-fishing coastal trawlers having landed parapenaeus longirostris are composed of more than 80 species of fish (according to ONP statistics). The top 20 species landed in these areas account for more than 84% of the total catch.
parapenaeus longirostris dominates shrimp catches of the fresh coastal fishery segment at both elevations and accounts for 88% of catch volumes. Hence the importance of introducing the catches of fishing coastal trawlers into our biological model.
The proposed bioeconomic model (3) in the presence of harvesting includes three parts: a biological part connecting the catch to the biomass stock, an exploitation part connecting the catch to the fishing effort, and an economic part connecting the fishing effort to the profit.
We denote by H i j the catches of fish population j by the coastal trawler i and it is given by the equation
where E i j is the fishing effort of the coastal trawler i to exploit the fish population j and q j is the is the catchability coefficient of fish population j. Let us add that
is the total catches of fish population j by the two coastal trawler, and E j = E 1 j + E 2 j the total fishing effort dedicated to fish population j by all coastal trawler, and we denote by
T the vector fishing effort which must be provided by the coastal trawler i to catch the fish populations.
(3)
In what follows of this paper, the product, the scalar product and the division of two vectors is similar to that in Y. El foutayeni et al. [10] , also the product of vector and matrix.
For system (4), we can see that the expression of biomass as a function of fishing effort is given by the matrix form X = −AE + X * (the identification of each vector and matrix is cited in annexe 3.
An algebraic equation is also included due to the consideration of the economic profit of harvesting. According to Gordon's economic theory [19] : The profit (π) = Total Revenue 
The total cost is equal to (TC) i = c (i) , E (i) , where c (i) = (c i1 , c i2 ) T is the vector of the cost per unit of harvesting.
While the economic profit π i of each coastal trawler i is equal to
As constraint of the bioeconomic model we should have a strictly positive biomass of all the marine fish populations, in mathematical words, we must have the following inequality of Karush-Kuhn-Tucker these mathematical problems can be translated to a Linear Complementarity Problem (LCP). One can prove that this last problem has one and only one solution [20, 21] . So, we can deduce that the generalized Nash equilibrium problem admits one and only one solution. This equilibrium solution is given by
Then, the fishing effort that maximizes the profit of the first coastal trawler for catching the adults of parapenaeus longirostris species is 
NUMERICAL SIMULATIONS AND DISCUSSION OF THE RESULTS
As can be seen from the figure 2, the mortality coefficient increase of small pelagics results an evolution in the stock of the parapenaeus longirostris population. Witch is justified by the absence of predators that feed on parapenaeus longirostris fish. And therefore, the level of small pelagic population stocks decrease figure 3. However, when the biomass of small pelagic fish decreases, the number of fishing trips dedicated to these species decreases, because the carrying capacity of each small pelagic species does not contain the enough biomass that allows the coastal trawlers to catch a greater amount of fish, note that each coastal trawler is constrained by the sustainability of marine species. In this situation, coastal trawlers do not have the opportunity to catch more small pelagic fish, and as a result, their profit related to the exploitation of these resources decreases, as shown in figure   5 .
FIGURE 5. The influence of mortality coefficient on profit
If the mortality rate is sufficiently high, which means the almost total absence of small pelagics, then the coastal trawlers will be forced to exploit only parapenaeus longirostris. In this situation, their catch level is equal to 300 tons and the profit is equal to 34500000.
In the opposite situation, the mortality rate approaches zero, which means a total abandonment of small pelagics, and which leads to a very high predation of parapenaeus longirostris. In this situation, the profit of coastal trawlers is equal to 1332000 after the exploitation of 61000 tons of small pelagics.
But whereas these two situations do not ensure the sustainability and abundance of stocks of all the marine populations considered in this work.
However, if we consider the normal mortality rate, assumed equal to 0.27, 0.19, 0.21, 0.17, 0.37 for sardine, anchovy, mackerel, horse mackerel, sardinella, respectively. In this case the abundance of prey and predator stocks is ensured. Coastal trawlers capture 890 tons of small pelagic stocks and 552 tons of parapenaeus longirostris stock, to have the maximum economic return equal to 17629200 for small pelagics and 92316000 for parapenaeus longirostris. We can notice that their total profit equal to 109945200 higher than 34500000 and 1332000 cited in the other situations.
CONCLUSION
In this paper, we presents a contribution to the modeling of parapenaeus longirostris fishing on Moroccan coasts. The modeling is based on the knowledge and available data on its dynamics and its harvest. We study the interaction between parapenaeus longirostris and small pelagic fish on two different spatial zones connected by migration. For that, we propose to define a bioeconomic model of prey-predator (parapenaeus longirostris-small pelagic fish) on two patch with homogeneous environments. One of these patches is considered to be a fishing protected area and the remaining adjacent patch is a free access fishing area. We first outline the basic theoretical model describing the biological dynamics of marine species stocks and then fisheries is introduced to the system.
ANNEX 1: EQUILIBRIUM POINTS
The equilibrium points are: From this array, we can clearly see that all of the signs of the first column are positive, there are no sign changes, and therefore the interior equilibrium point X * is locally asymptotically stable.
ANNEX 3: SOLUTION OF THE BIOECONOMIC MODEL
The biomasses at biological equilibrium are the solutions of the system: 
